An archetype-based approach was taken to generalise findings on the life cycle carbon impacts of higher education building redevelopment, as a follow-up to a previous case study analysis. For each archetype, the life cycle operational and embodied carbon impacts of carbon reduction interventions and building redevelopment options were analysed.
INTRODUCTION
The context to this study was the management of operational and embodied carbon impacts in the UK higher education sector. As highlighted in a preceding study by the authors [1] , operational carbon emissions in the higher education sector have grown since 1990 and currently stand at around 0.5% of UK carbon emissions [2] .
The sector experiences specific challenges that impact its operational carbon emissions: high proportion of scientific research, irregular occupancy patterns, transient populations and ageing estates [3] [4] [5] [6] . There are also a number of drivers for reduction of operational carbon through building redevelopment, such as utility costs, compliance with building energy legislation and environmental schemes, and institution reputational incentives [7] .
Embodied carbon emissions-the emissions associated with the manufacture, transport, installation and disposal of materials used throughout a building's life cycle [8] -are also noted as an important area of consideration in higher education building redevelopment [3, 6] . Whilst currently estimated to contribute around 18% of total life cycle carbon emissions on average, embodied carbon emissions are projected to increase in relative magnitude as operational carbon emissions are reduced through energy efficiency improvements [9] [10] [11] . Arguably then, the embodied carbon impact of new, energy-efficient buildings is proportionally higher in terms of life cycle impact than existing or even refurbished buildings where energy efficient measures have been introduced but material additions minimised. There are strong motivations to review the redevelopment options for higher education buildings in terms of total life cycle carbon performance.
The aim of this study was to build on the preceding study [1] , which focused on the analysis of case study buildings, to achieve results on the life cycle carbon impact of building redevelopment applicable to the wider UK university stock. This might then provide generalised findings for application beyond the original case studies.
For this purpose, an archetype-based method was developed and carried out. A number of life cycle carbon analyses has been carried out using real data from case studies, such as those that made static measures of life cycle carbon impacts for existing buildings [12] [13] [14] and those that assessed the redevelopment of case study buildings in terms of life cycle carbon impact [15, 16] . Evidence has not been found of studies that use archetypes to transfer findings from building life cycle carbon impact case studies to a general building stock, particularly considering a broad variety of redevelopment scenarios.
Use of archetypes is a common method for generalisation of findings in building energy analysis. In the UK, building form-based classification was employed as the basis of the Non-Domestic Building Stock database [17] and the Community Domestic Energy Model [18] , with both used to analyse energy use in large building stocks.
Chidiac et al. [19] developed archetypes of Canadian office buildings with which to simulate the impact of retrofit measures on operational energy use. The office archetypes were classified based on construction era and type of building structure. An archetype approach was also taken for life cycle carbon analysis by Bull et al. [20] . They modelled the operational and embodied carbon impact of thermal improvements on four different UK school archetypes classified by period of construction. On this evidence, the archetype approach would appear to be valid for generalisation of the case study analysis.
As highlighted in Figure 1 , the archetypes were developed in this study using high-level higher education building data and measured building data from the case study analysis. A database was built up accordingly using in-use energy and other data from the Display Energy Certificate (DEC) scheme together with measured building parameters using desktop methods. The archetypes were characterised as a having a minimum age considered suitable for redevelopment and were primarily distinguished by activity and primary environmental strategy.
Operational and embodied carbon models following the BS EN 15978:2011 standard were built for each archetype and calibrated using energy data from the database and building data from the five case study buildings, which had different primary activities as follows: law, chemistry, art and design, medical research and administration. A series of redevelopment options were then simulated, including a method to measure the associated analysis uncertainty, building on investigations such as those by Basbagill et al. [14] . The method for data collection and analysis is summarised, followed by presentation of the life cycle carbon results. Further detail of the method is given elsewhere [1, 21] . 
Building data collection
The archetypes were defined for academic higher education buildings that were deemed appropriate for redevelopment, selected using a cut-off in terms of the initial construction era. The chosen cut-off construction year was 1985, the year that energy efficiency standards were introduced in the UK Building Regulations [22] .
For compliance with this, minimum levels of insulation and glazing performance were required, typically requiring double-glazing.
The main aim of the archetype definition, as described later, was to determine categories of university buildings that were considered discrete in terms of their energy performance. A database of appropriate UK higher education buildings was built with which to define the archetypes. The main source of data for the database was the UK Display Energy Certificate (DEC) scheme [24] . The DEC data was provided by the Chartered Institute of Building Services Engineers (CIBSE), obtained from the UK Government and the database compilers, Landmark [25] . The complete dataset was understood to contain all records submitted in England and Wales from the start of the scheme in October 2008 to the end of July 2012. The principal energy use figures used were actual electricity (EuiElec) and thermal fuel use (EuiHtg) in total annual kWh/m 2 gross internal floor area. A number of steps were carried out on the dataset to isolate the DEC data for English and Welsh higher education buildings and to filter out unsuitable and erroneous records. This included all steps to 'clean up' the data and select university occupiers described by Hawkins et al. [26] .
A section of the resulting database, which included 1,951 records in total, was enhanced with a number of other fields, principally related to building geometry, using desktop methods. Table 1 lists the key fields populated for each building and a summary of the methods used for data collection, which are described in detail elsewhere [27] . From the enhanced database section, a sample of 234 pre-1985 period academic buildings (67% of all academic buildings) was extracted to be used for the archetype definition. 
Archetype definition

Activity classification
The archetypes were initially defined in terms of building activity. As discussed by Bruhns et al [28] , universityspecific building activities are not clearly designated in the DEC scheme and the assignments made have not always been reliable. Accordingly, each building was classified manually using information obtained from the respective university's website or other internet searches. Previous studies on DEC energy data carried out by the authors [26, 29] have found high variation in median annual electricity and heating fuel uses between classes separated into laboratory, workshop and general academic-type activities. In this study, the buildings were therefore grouped into these major academic activity classes based on their primary activities, as follows: 
Primary environmental strategy classification
The buildings were also separated by primary environmental strategy, which was found to be another key energy use determinant. Two categories were used: "naturally-ventilated" and "mechanically-ventilated", with the latter being all primary environmental strategy classes not using natural ventilation. The median energy use values for each archetype is shown in Table 2 . Significant differences in electrical energy performance were found for each archetype by strategy (with 95% confidence), however not for heating fuel use so common values were used for each activity class. These median energy values were used as the basis for calibrating the models in the life cycle analysis described in the following section. 
Geometry
There was found to be a strong relationship between building context -urban or rural -and the building geometry factors in the database, as shown by the mean values and associated 95% confidence intervals in Table   3 . At 95% significance, the urban buildings in the dataset were found to be greater in floor area, taller and more shaded, and to have higher glazing and aspect ratios than rural counterparts. Owing to a lower observed impact of context on energy use, separate archetypes based on context were not developed. However, to explore the impact of building geometry, each archetype was modelled in two different contexts with different geometries to develop a range of results accordingly. 
Redevelopment scenarios
The same redevelopment scenarios were considered for the archetype buildings as those for the case study buildings [1] , as listed in Table 4 . The original selection was made in accordance with interventions recommended by HEFCE [3] and those that higher education institutions reported considering or implementing in their Carbon Management Plans [30] . The interventions were grouped into system/management, refurbishment and new-build types and where appropriate pairs of interventions from different groups were also considered. Design stage uncertainty was also factored in, defined by calculation of the upper (higher energy use) and lower (lower energy use) limits around the standard intervention, based on observed typical variations [21] . For each scenario, the total life cycle carbon impact was determined in terms of any initial embodied carbon impact plus future recurring embodied carbon impacts and operational carbon impact over the building lifetime. 
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BS EN 15978:2011 scope and definition
The scope and definitions for the life cycle assessment in terms of BS EN 15978 were the same as those for the case study analysis [1] . Key characteristics were as follows: the reference period was 60 years; the material systems included were the superstructure, roof, floor finishes, ceiling finishes, partitions, façade, glazing, doors and building services; operational energy use for both the building systems and equipment were included. The embodied carbon of building services is presented separately to the BS EN 15978 life cycle totals in the results as it was calculated using a separate database: the German national product life cycle impact database, Ökobau.dat 1 . Operational energy use for equipment is outside the scope of the standard so this is also totalled separately.
Modelling life cycle impacts
Model construction
The archetypes were modelled as simple rectilinear forms. Two different forms were considered representing the average "urban" and "rural" geometry factors shown in Table 3 . Adjacent forms were also added for shading purposes.
Space and operational data from seven 'base' buildings was used as the basis for the construction and configuration of the models used for each archetype. Five of these buildings were the case study buildings; a geography building and a civil engineering building were used additionally for archetype B, engineering/workshop. The space equipment use, occupancy and temperature profiles determined for the respective case study buildings were also assigned to the archetype models. For archetype B, engineering/workshop, where specific profiles were not measured in the case studies, appropriate profiles were selected from the other case study buildings. Individual models were constructed for each base building in the rural and urban forms (fourteen models in total) with room types and corresponding floor area proportions matching those measured in the base building. In each model, the room distribution matched that found in the corresponding base building.
Operational carbon impact
The operational carbon impact analysis was carried out using the IES Virtual Environment (IESVE) application (version 2014.1.0.0). Specific zone templates were developed for each archetype major activity class and primary environmental strategy internal to describe the building systems according to the conditioning strategy and the operational characteristics (occupancy, temperature and internal gains). Each template was based on an equivalent for the corresponding base building, using the same profiles, although separate building systems were defined. A common conditioning strategy was used for each space type to suit the overall building servicing strategy and based on the typical conditioning strategies observed in the case study buildings. For example, naturally-ventilated offices were applied in naturally-ventilated archetypes and vice versa. Exceptions were laboratory and workshop areas where some mechanical ventilation was used even for the predominately naturally-ventilated archetypes. System efficiencies were assigned based on guidance values [31, 33] .
The archetype locations were selected using the mean postcode grid reference for the corresponding urban and rural buildings in the database, with both being based close to Coventry. Actual Meteorological Year weather data was obtained accordingly to achieve total annual degree-days close to the average value, 2021 used for normalisation of the DEC data [34] .
Each base model was calibrated to the respective median annual energy figures following the same iterative method used for the case study analysis, based on Hubler et al. [35] . Owing to limited data resolution, the models were only calibrated to the annual total energy use. The annual energy of the lifts was also included following the CIBSE Guide D [36] method.
Embodied carbon impacts
The embodied carbon impacts were measured using the IESVE EnviroImpact module together with the Impact generic materials database (version 2) and results were determined by building construction system. A range of systems was assessed for the new buildings as used in the case study analysis [1] . To also generalise the assessment of the base buildings a range of construction systems was analysed, based on the materials existing in the case study buildings. These existing materials included the following: plasterboard, blockwork and glass partitions; suspended plasterboard, wet plaster and tiled ceilings; carpet, vinyl and timber flooring. New structural systems and building services were also included in the archetype analysis following the same calculation method as for the case studies.
Model uncertainty analysis
Operational and embodied carbon uncertainty analysis were carried out following the same approach as for the case studies [1] . By this approach, the operational carbon models were rerun to assess the upper and lower values in Table 4 . Also, the materials used in the embodied carbon analysis were randomly adjusted in terms of quantity used, transport distance and service life, and a range of embodied carbon impacts was determined. Table 5 and Figure 2 summarise the findings from the life cycle carbon analysis for the main redevelopment scenarios for each archetype. The results in Table 5 comprise the following values: the operational energy associated with the building systems ("Systems energy"); the total life cycle carbon in accordance with the BS EN 15978 standard, which includes building systems energy and building materials ("BS EN 15978 total"); the embodied carbon of the building services ("Building services"); the operational energy associated with the building equipment ("Equipment energy"); the total life cycle carbon including BS EN 15978 totals, the building services and the equipment energy ("Total"). Life cycle carbon reductions were found for collective management and system changes (X1/S7) for all archetypes, although these decreased in magnitude from the science/lab, A archetypes (24 to 26%) to the general academic, C archetypes (18 to 20%), indicating greater responsiveness for science and engineering buildings. For both the mechanically and naturally-ventilated science/lab archetypes, most of this reduction was associated with demand-led ventilation (X1/S3). For the remaining archetypes, demand-led ventilation only offered a significant reduction for the mechanically-ventilated versions, B-MV and C-MV. Both engineering/workshop archetypes showed the greatest reductions for switch-off campaigns (X1/S5), owing to these having the greatest proportion of user-controlled equipment loads. Lighting control (X1/S4) was found to be most significant for the naturally-ventilated general academic archetype, A-NV, because the lighting load was dominant for this archetype. This archetype also had the highest response to setpoint changes (S6): indeed setpoint changes were generally found to be more effective in the naturally-ventilated archetypes.
RESULTS AND DISCUSSION
Life cycle carbon impact of redevelopment scenarios
Further reductions owing to façade replacement (R3/S7) were observed for all archetypes, with total life cycle carbon reductions ranging from 25% for the mechanically-ventilated engineering/workshop archetype, B-MV to 33% for the naturally-ventilated general academic archetype, C-NV. This intervention was found to be more effective generally for naturally-ventilated versions of the archetypes, with a range for standalone façade replacement (R3) going from 8% for the science/laboratory archetype, A-NV to 18% for the general academic archetype, C-NV. This would indicate that interventions to improve façade performance are of greater benefit for less intensively serviced buildings, For the new-build scenario without management changes (N1), improvements against the best-case refurbishment option (R3/S7) were only found for two of the archetypes: the mechanically-ventilated versions of the science/lab and engineering/workshop archetypes (B-MV and C-MV). For these archetypes, the new-build options also introduced the most substantial changes in the servicing strategy. The addition of management changes to the new-build scenario (N1/S7) resulted in the further reductions for all archetypes and clear improvement on the best refurbishment case, with peak life cycle carbon reductions ranging from 37% for the naturally-ventilated engineering/workshop archetype to 54% for the mechanically-ventilated general academic archetype, C-MV. With the exception of the chemistry building, reductions found for new-build were not as great for the archetypes as those found for the equivalent case study buildings in the previous study [1] . This suggests that whilst new-build may be more favourable in specific cases, in the general case it is less effective and actually closer to refurbishment. 
Embodied carbon contribution and uncertainty
As read from Figure 2 , life cycle total embodied carbon emissions for the existing archetype scenarios (X1) were in the range 240 to 340kgCO2e/m 2 on average and these only formed about 3 to 6% of total life cycle carbon emissions when set against total operational carbon emissions. For the new-build options (N1), the average embodied carbon emissions were found to range from 570 to 690kgCO2e/m 2 . It is also shown that peak embodied carbon emissions were found for the science/laboratory archetypes of 1.0tCO2e/m 2 , which was slightly higher than the peaks for other archetypes owing to the building services component. Allowing for the ranges of uncertainty in both the embodied and operational carbon values, it can be derived that in specific situations, such as the new-build options for the general academic archetypes, C-MV and C-NV, the embodied carbon emissions exceeded 40% of the total life cycle carbon impact. This approach of embodied carbon emissions towards parity with operational carbon emissions would appear to support assertions made by the UK Green Building Council [11] that embodied carbon emissions will start to dominate as buildings become more efficient in operation. However, it should be noted that this was still only at the extremes of the archetypes considered. To observe the nature of the embodied carbon impacts in more detail, Figure 3 and Figure 4 compare the average initial and recurring embodied carbon impacts for each material scheme considered for each system in the archetype new-build options (in separate charts owing to the varying scale of results). The initial embodied carbon emissions were those owing to the original construction and recurring embodied carbon emissions were those over the remaining life cycle owing to replacement and maintenance. Total embodied carbon emissions were the summation of both. Crosshairs show the measured variation in the results owing to the uncertainty analysis and the variation of finishes in each archetype.
Key observations are as follows:
 With a total average embodied impact of 230kgCO2e/m 2 , the embodied carbon impact of building services across the life cycle was found to be the same as that of the most-intensive (concrete) structure. Although the initial impact was relatively low, and in some cases close to the 15% of total building initial carbon impact proposed by the RICS [37] , high recurring impacts averaging around two replacements over the 60-year lifetime contributed to the significant total life cycle impact. These findings support the inclusion of building services in comprehensive building life cycle carbon assessments and also the need to overcome the limited availability of system-level data, as noted by
Hitchin [38] .
 Other systems apart from structure and building services had much lower embodied carbon impacts, with the next highest impact being 76kgCO2e/m 2 for glass partitions.
 Recurring impacts over the life cycle were found to be the dominant component of total embodied carbon impact in a number of cases, for example owing to replacement of carpets, painting of plasterboard walls and varnishing of timber floors. In this sense, unfinished floor and ceiling options were shown to perform particularly well over the life cycle.
 As highlighted by the extent of the crosshairs, high variation was found owing to the analysis uncertainty. As well uncertainty owing to material quantities, service lives and transport distances, this was attributed to variations in design amongst the archetypes, for example the choice between mechanical and natural ventilation systems and the degree of open-plan arrangements. This demonstrates a need to consider the degree of uncertainty owing to generic material selection at early design stages in order to give confidence in the calculations and outputs.
Higher education estates carbon management
As highlighted in section 2.1, two-thirds of all buildings in the original sample taken were found to be pre-1985 area. When extrapolated to the whole stock, this indicates that a large number of buildings in the higher education sector in the UK pre-dates regulations on energy efficient construction. Building redevelopment would be essential in order to meet operational carbon targets in the sector, such as the 43% reduction in sector carbon emissions by 2020 set by HEFCE [3] . The values in Table 5 suggest that on average this scale of reduction would not typically be achieved using the refurbishment and management/systems changes alone, even where a number of interventions were applied together: the peak average operational carbon reduction for these interventions was 37%. In practice, greater savings might be achieved by applying the interventions more extensively, by adding other interventions or by combining a mixture of refurbishment and new-build schemes.
The variation in results by archetype highlights how the approach to managing carbon and achieving carbon targets needs to be tailored to a particular building, and in turn the building composition of the particular higher education institution. From the results in Table 5 and Figure 2 , principal guidance for developing an appropriate approach to managing life cycle emissions is summarised as follows:
 For science/lab buildings, irrespective of the ventilation strategy, fabric improvements are unlikely to be effective although interventions to improve the building systems or replacement of the building altogether can offer significant operational carbon savings. As operational carbon emissions are generally very high for these buildings such interventions remain favourable also in life cycle terms.
 For mechanically-ventilated buildings generally, where opportunities exist to revert to a naturallyventilated solution by new construction this is typically favourable in life cycle terms.
 For naturally-ventilated engineering/workshop buildings, improvements in the building operation, such as switch-off campaigns may prove to be effective.
 For naturally-ventilated general academic buildings, except science/lab buildings, collective refurbishment and system improvements may have a similar impact in life cycle terms as new-build. In these cases, careful estimation of the relative operational and embodied carbon impacts might be required, taking into account the impact of the likely analysis uncertainty.
CONCLUSION
In response to drivers to manage life cycle carbon impact in the redevelopment of higher education estates, an archetype analysis was carried out to generalise findings on the operational and embodied carbon impact of higher education building redevelopment. Data from a buildings database and case study buildings was combined to develop six archetype buildings, based on building activity and environmental strategy. The life cycle carbon impacts of a selection of building redevelopment options were then simulated.
The impact of interventions varied significantly for the different archetypes, highlighting how the approach to carbon management in higher education estates needs to suit the particular estate composition. In certain circumstances embodied carbon was found to be an influential factor in the building redevelopment. In these cases, the life cycle carbon impact should be carefully analysed in the decision-making process and analysis uncertainties, such as those relating to material selection, should be considered.
The archetype approach appeared to show success in developing general findings for the sector based on case study and database data. The method that was developed might itself be the key contribution of the study. It is important to note the principal limitations owing to the scope and available data. Firstly, the archetypes were defined principally as pre-1985 whereas further resolution by construction era would be appropriate. Secondly, the scope could be extended to include non-academic buildings, particularly student residences. Thirdly, the embodied carbon data was generic rather than product or system-specific. Fourthly, the analysis was simulationbased rather than measured. Finally, only a selection of possible new-build designs and redevelopment schemes was considered. These limitations highlight opportunities for further research. 
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